In this paper, numerical models of coastal circulation, wind-waves, and sediment transport are applied to the March 1998 turbidity plume event in Lake Michigan to investigate the role of wind-induced circulation in the offshore transport of sedimentary material in Lake Michigan. Computer visualization is used to compare model results to the evidence of cross-isobath transport suggested in satellite imagery. Model results showed that circulation in Lake Michigan is highly episodic since it is almost entirely wind-driven in early spring. The characteristic wind-driven circulation pattern in the lake consists of two counter-rotating gyres, a counterclockwise-rotating gyre to the right of the wind, and a clockwise-rotating gyre to the left. The gyres are separated by a convergence zone along the downwind shore with resulting offshore flow and a divergence zone along the upwind shore with onshore flow. This two-gyre circulation pattern with offshore flow was very clearly seen during a northerly wind event in March 1998 in southern Lake Michigan. The strongest sediment resuspension occurred in the southern lake and the shallow waters along the coastline. This is because of the larger waves in southern Lake Michigan due to the dominant northerly wind in this early spring period. The two most significant sediment resuspension events were detected in the model results during the two storm events. Although results from the sediment transport model agree qualitatively with satellite imagery, they fail to simulate the initial eddy-like structure of the plume. Visualization is shown to be an effective tool for interpreting the complex turbidity patterns in the satellite imagery of the turbidity plume.
Introduction
In the North American Great Lakes, as well as in the coastal ocean, the gradients of many biogeochemically important materials (BIMs) are considerably higher in the offshore direction than in the longshore direction (Brink et al., 1992; Scavia & Bennett, 1980) . In the presence of these large gradients, cross-isobath circulation is a primary mechanism for the exchange of material between nearshore and offshore waters. Both the alongshore and cross-isobath components of the current exhibit strong episodic behaviour due to wind forcing. As opposed to alongshore transport, the advective and diffusive mechanisms driving crossisobath transport and the time scales over which they operate have not been extensively studied. A necessary step in understanding cross-isobath transport of BIMs is to identify and quantify the physical processes that are responsible for the nearshore-offshore water mass and material exchange. To this end, a multidisciplinary research program jointly sponsored by NOAA (National Oceanic and Atmospheric Administration) and NSF (National Science Foundation) was recently initiated to study the recurrent turbidity plume in southern Lake Michigan (http://www.glerl.noaa.gov/ eegle).
In the context of nearshore-offshore transport, the Great Lakes present somewhat different challenges than the continental shelf. Although many of the physical processes responsible for the movement of material from the coastline toward deeper waters are similar in both environments, the fact that the lakes are fully enclosed by land has significant consequences. When material is transported offshore in the Great Lakes, it can only be removed from the system by permanent burial in the sediments or removal through an outflow. This is in contrast to the continental shelf where transport across the shelf break to the deep ocean can also be considered a removal mechanism. The physical mechanisms for cross-shelf transport are similar, and in some cases identical, to the processes that control nearshore-offshore transport in the lakes, but there is no analogue in the lakes for exchange with the deep ocean across the shelf break.
Recent satellite observations of suspended sedimentary material in Lake Michigan (Eadie et al., 1996) offer a unique opportunity to investigate a recurrent episode of cross-isobath transport. A 10 km wide plume of resuspended material extending over 100 km along the southern shore of the lake was first observed in satellite imagery by Mortimer (1988) , and has been observed every spring since 1992, when satellite imagery for the Great Lakes region first became available on a routine basis through the NOAA CoastWatch program (Schwab et al., 1992) . The bathymetry and geometry of the Lake Michigan basin are shown in Figure 1 . The resuspension plume of March 1998 was one of the largest events of record. Satellite observations (Figure 2 ) reveal a well developed plume extending over 300 km of coastline from Milwaukee, WI (station MKE in Figure 1 ) to Muskegon, MI (station MKG in Figure 1 ) with several dominant offshore features originating from the south-eastern shoreline. The plume originated around March 10 following several days of intense storms that produced 17 m s 1 northerly winds and generated waves in the basin over 5 m high. Remnants of the plume feature were still observable by satellite six weeks later. Our current understanding is that the initiation of the plume is caused by a major storm with strong northerly winds generating large waves in southern Lake Michigan. The plume appears along the entire southern coastline of the lake. It occasionally veers offshore along the eastern shore of the lake, coincidentally near the areas of highest measured long-term sediment accumulation in the lake ( Figure  3 ). The offshore structure of the turbidity plume often resembles the structure of cold water filaments seen in thermal imagery of the Califormia Current by Strub et al. (1991) and others.
Considerable progress has recently been made in developing two and three dimensional circulation models for the Great Lakes. Numerical hydrodynamic models are now able to simulate large scale circulation in the lakes with reasonable accuracy (Schwab & Bedford, 1994; Beletsky et al., 1997) . It is possible to resolve kilometre scale variability in current and temperature fields with high resolution versions of these models. In addition, a parametric surface wind wave model developed by is available for modelling waves at these same scales. This model has been shown to provide excellent estimates of wave height and wave direction for fetch-limited waves in several applications to the Great Lakes Schwab & Beletsky, 1998) . Furthermore, a quasi-3-D suspended sediment transport model developed by Lou et al. (1999) has recently been coupled with the circulation and wind wave models to provide estimates of suspended sediment concentration at similar resolutions. In this paper, we apply the circulation, wind-wave, and sediment transport models to the March 1998 turbidity plume event in Lake Michigan to investigate the role of wind-induced circulation in the offshore transport of sedimentary material in Lake Michigan. Computer visualization is used to compare model results to the evidence of cross-isobath transport suggested in satellite imagery.
Wave model
The wave model is a numerical finite-difference solution to the two-dimensional wave momentum conservation equation. The wave energy spectrum is parameterized at each point on a rectilinear computational grid in terms of total wave energy, peak energy period, and predominant wave direction. The momentum balance equation is where is the horizontal gradient operator, and M and v g are the total momentum vector and the corresponding group velocity vector, and w is that part of the momentum input from the wind that produces net wave momentum growth. The directional wave energy spectrum is assumed to have a cosine-squared angular dependence about a single dominant mean wave direction which is independent of frequency.
Momentum input from the wind consists of two components, one ( 1 ) parallel to the wind vector and the other ( 2 ) parallel to the wave momentum vector, i.e.
The scalar values of the two components as suggested by Donelan (1979) are:
where c p is the wave phase velocity, a is the air density, U is the 10 m wind speed, 0 is the angle between the wind and the waves, (=0·028) is the empirical fraction of the wind stress that is retained by the waves, and D 1 and D 2 are form drag coefficients given by
where is the root mean square surface elevation (in metres). Both 1 and 2 may be positive, indicating wave growth, or negative, indicating wave decay.
To solve the momentum balance equation we use an empirical relationship between wave momentum and wave height derived from JONSWAP relations (Hasselman et al., 1973) linking 2 with peak energy frequency, f p , and mean wind U:
The model is thus semi-empirical and parametric. A simple numerical integration scheme can then be applied to the momentum balance equation. Forward time differences are used to calculate the momentum components at the centre of the grid squares, and a combination of upwind and centred differences are used to evaluate the momentum advection terms at the edges of the grid squares. Model output at each grid point consists of significant wave height (defined by H 1/3 =4 ), peak-energy wave period and average wave direction.
The model is applied on a 2 km rectilinear grid covering Lake Michigan. Output from the 2 km wave model (wave height and wave period) is used to estimate bottom shear stress in the sediment transport model described below.
Hydrodynamic model
A three-dimensional circulation model for the Great Lakes (Schwab & Beletsky, 1998 ) is used to calculate lake circulation. The model is based on the Princeton Ocean Model (Blumberg & Mellor, 1987) and is a nonlinear, fully three-dimensional, primitive equation, finite difference model. The model is hydrostatic and Boussinesq so that density variations are neglected except where they are multiplied by gravity in the buoyancy force. The model uses time-dependent wind stress and heat flux forcing at the surface, zero heat flux at the bottom, free-slip lateral boundary conditions, and quadratic bottom friction. The drag coefficient in the bottom friction formulation is spatially variable. It is calculated based on the assumption of a logarithmic bottom boundary layer using a constant bottom roughness of 1 cm.
To simplify the discussion of model physics, we present the dynamical equations in Cartesian co-ordinates. The velocity components (u,v,w) are in the (x,y,z) directions. The mass continuity equation is where V=(u,v) is the horizontal velocity. The horizontal momentum equations are where is density, p is pressure, f is the Coriolis parameter, and A M and K M are the horizontal and vertical momentum eddy viscosities, respectively. The Eulerian derivatives at a point are the result of the horizontal and vertical velocity advections, horizontal pressure gradient force, Coriolis force, and horizontal and vertical momentum diffusion. Horizontal diffusion is calculated with a Smagorinsky eddy parameterization (with a multiplier of 0·1) to give a greater mixing coefficient near strong horizontal gradients.
The Princeton Ocean Model employs a terrain following vertical co-ordinate system ( -co-ordinate) which replaces the vertical co-ordinate, z, with a normalized vertical co-ordinate, =(z ) / (d+ ), where d is the local depth, and is the free surface elevation. The advantage of this system is that in the transformed co-ordinate system, the bottom corresponds to a uniform value of the vertical co-ordinate ( = 1), thus simplifying the governing transport and continuity equations. The hydrodynamic model of Lake Michigan has 20 vertical levels and a uniform horizontal grid size of 2 km.
The equations are written in flux form, and the finite differencing is done on an Arakawa-C grid using a control volume formalism. The finite differencing scheme is second order and centred in space and time (leapfrog). The model includes the Mellor and Yamada (1982) level 2·5 turbulence closure parameterization for calculating the vertical mixing coefficients for momentum K M , and heat, K H , from the variables describing the flow regime.
The output from the lake circulation model is used to provide estimates of horizontal advection and bottom shear stress for the sediment resuspension and transport model. In addition, the turbulence closure scheme in the circulation model can provide estimates of physical dispersion coefficients for water quality and toxics models.
Suspended sediment transport model
The suspended sediment transport model is a quasi-3-D model based on an asymptotic solution for uniform flow to the convection-diffusion equation as described by Galappatti and Vreugdenhil (1985) . In the present model, this approach has been developed into more complicated flow fields and generalized to the combined wave-current situations.
The suspended particles are assumed to be so small that their motions relative to ambient fluid fall into Stokes' range. The basic equation describing mass conservation of suspended sediment in a turbulent flow can be expressed as: where x , y , z are sediment particle diffusion coefficients in the x, y, z directions for the combined motion of waves and currents, and c (x,y,z,t) is the suspended sediment concentration.
The wave effect is taken into account by assuming an analogy of mixing profile on a wave-averaged and turbulence-averaged scale and the modified eddy viscosity coefficient (Van Rijn, 1985) , as well as by introducing an enhanced bottom shear stress (Lou & Ridd, 1996) . In cases where suspended load is the main mode of sediment transport, an asymptotic solution of the convection-diffusion equation is presented. The vertical concentration structure has been shown to depend only on the vertical velocity profile and the mixing coefficient, and thus can be calculated in advance (Lou, 1995) . As a result, the threedimensional concentration problem is separated into two parts: a two-dimensional depth-averaged sediment concentration model and vertical concentration profiles being solved in advance.
The bottom shear stresses required by the sediment transport model for bottom boundary condition were calculated by a bottom boundary layer model. The effect of nonlinear wave-current interaction on the bottom shear stress was obtained based on the concept of Grant and Madsen (1979) in an iterative form (Lou & Ridd, 1997) .
A three layer wave-induced diffusion coefficient (Van Rijn, 1986 ) was proposed in the sediment concentration model. The sediment mixing coefficient due to the combination of waves and current is assumed to be given by the sum of the squares of the current-related ( s,c ) and wave-related ( s,w ) values: The current-related turbulent eddy coefficient s,c is calculated numerically from the 3-D circulation model.
The bottom boundary conditions in the sediment transport model were evaluated at a reference watersediment interface level z=a. The upward flux of suspended sediment at this reference level can be given by:
where, c a is the near bed concentration of suspended sediment, w s c a cos is the deposition rate per unit bed area due to the fall velocity w s , is the bottom slope and E s is a dimensionless coefficient describing the entrainment of bottom sediment into suspension due to turbulence. A similar entrainment coefficient described by Garcia and Parker (1991) was adopted in our study as follows:
where A is a constant (=1·3 10 7 ), s is the specific density, u * is the bottom shear velocity, D k is the characteristic size of sediment, and v is the kinetic viscosity.
The suspended sediment concentration at reference level z=a above the bed is expressed as (Van Rijn, 1989): where b is the effective bed shear stress under combined waves and current, and b,cr the time-averaged Shields critical shear stress.
To reduce numerical dispersion, the second order upwind difference scheme has been applied to the horizontal advection terms. A hybrid Crank-Nicolson and ADI solution scheme is developed to calculate the concentration results. In the model application to Lake Michigan, a uniform 2 km horizontal grid mesh, 20 vertical layers, and a staggered C-grid arrangement were employed for the sediment transport model, which are compatible with the circulation and wind wave models mentioned above.
Forcing functions
To calculate momentum flux fields over the water surface for the lake circulation and wave models, it is necessary to estimate wind and air temperature fields at model grid points. Meteorological data were obtained from 12 National Weather Service stations around Lake Michigan (Figure 1 ). These observations form the basis for generating gridded overwater wind and air temperature fields.
Overland wind speeds generally underestimate overwater values because of the marked transition from high aerodynamic roughness over land to much lower aerodynamic roughness over water. This transition can be very abrupt so that wind speeds reported at coastal stations are often not representative of conditions only a few kilometres offshore. Schwab and Morton (1984) found that wind speeds from overland stations could be adjusted by empirical methods to obtain fair agreement with overlake wind speeds measured from an array of meteorological buoys in Lake Erie. For meteorological stations that are more representative of overland than overwater conditions, namely all stations except SGNW3 in Figure 1 , the empirical overland-overlake wind speed adjustment from Resio and Vincent (1977) is applied.
To interpolate meteorological data observed at irregular points in time and space to a regular grid so that it can be used for input into numerical wave, sediment transport, and circulation models, some type of objective analysis technique must be used. For this study the nearest-neighbour technique was used, with the addition of a spatial smoothing step (with a specified smoothing radius). In the nearest neighbour technique, observations from up to three hours before the interpolation time to three hours after the interpolation time are also considered. In the nearestneighbour distance calculations, the distance from a grid point to these observation points is increased by the product of the time difference multiplied by a scaling speed. The interpolation scaling speed is taken as 10 km h 1 . Interpolation smoothing distance is 30 km. It was found that the nearest-neighbour technique provided results comparable to results from the inverse power law or negative exponential weighing functions discussed in Schwab (1989) .
Results
Hourly meteorological data from the 12 stations shown in Figure 1 were obtained for the period 1-30 March, 1998. Overwater wind and air temperature fields were interpolated to the 2 km grid. Time series of wind speed and direction from a point in the middle of the southern basin (Figure 1 ) are shown in Figure  4 . There are four major wind events in March, two storms with northerly winds (on the 9th and 21st) and two with southerly winds (on the 13th and 27th). In early spring, the lake is thermally homogeneous and density gradients are negligible. Therefore, the circulation model was applied in a barotropic mode with uniform (2 C) water temperature. The wave model was used to compute hourly values of wave height, wave period, and wave direction, from which waveinduced bottom orbital velocity was calculated. The evolution of the computed wave height field for the 30 day simulation period is illustrated in Animation 1. Time series of wave model results for wave height, period, and direction at a point in the middle of the southern basin (Figure 1 ) are presented in Figure 4 . The largest wave heights in the southern basin occur during the storms with northerly winds which provide the longest overwater fetch distance. The circulation model computed hourly values of horizontal currents and dispersion coefficients. The suspended sediment transport model then was used to simulate suspended sediment concentration during this period.
The computed circulation is illustrated through the use of a computer animation in Animation 2. The animation depicts the trajectories of passive tracer particles which were introduced into the computed depth-averaged velocity field on 1 March and are traced through the 30 day computational period. The mean wind vector is also shown. Particle trajectories are computed using the technique developed by Bennett et al. (1983) and Bennett and Clites (1987) . This technique includes a method for interpolating the computed velocity field from velocity points on the computational grid to the particle locations, which minimizes collisions of the particles with the shoreline. Particles are initially located in the centre of every third grid cell. In order to more clearly illustrate the effect of lake circulation on cross-isobath transport, particles initially placed in cells with depth less than 30 m are coloured orange in the animation.
In the animation a new visual technique is used to enhance the perception of fluid motion. Particle locations at each time step are depicted by a bright spot. Previous locations of that particle for the last 48 h are also depicted as spots of diminishing intensity. The visual effect is that of a ' tail ' on each particle whose length indicates the particle's speed and whose position indicates a history of the particle's recent locations. This technique is also useful for producing a ' snapshot ' of currents at a single time which also gives an indication of current magnitude and direction over the previous 48 h.
The time evolution of the modelled surface suspended sediment concentration in Lake Michigan is depicted in Animation 3. The model started from zero concentration over the whole lake as the initial condition on 1 March 1998. The dominant sediment particle size is assumed to be 15 m, the settling velocity is set to 0·5 m day 1 , the critical bottom shear stress is 0·05 Nm 2 , and the bottom of the lake is treated as an unlimited sediment source. The animation shows colour contour maps of surface suspended sediment concentration at 3 h intervals. It illustrates the hydrodynamic effects on sediment resuspension and transport resulting from the interactions among sediment, topography, circulation and wind waves in Lake Michigan.
A simple estimation of sediment erosion and deposition is made based on the sediment transport results in March 1998, with the purpose of highlighting the hydrodynamic effects on sediment redistribution in the lake. During the course of model simulation, the sediment layer thickness changes with sediment erosion from the bottom or deposition from the water column. The erosion and deposition areas were determined by comparing the final sediment layer thickness with the initial thickness. The net change in bed thickness resulting from the March 1998 simulation is given in Figure 7 .
Discussion
Model results showed that circulation in Lake Michigan is highly episodic since it is almost entirely wind-driven in early spring. The characteristic winddriven circulation pattern in a lake consists of two counter-rotating gyres: a counterclockwise-rotating (cyclonic) gyre to the right of the wind and a clockwise-rotating (anticyclonic) gyre to the left (Bennett, 1974) . The gyres are separated by a convergence zone along the downwind shore with resulting offshore flow and a divergence zone along the upwind shore with onshore flow. This two-gyre circulation pattern was very clearly seen during several wind events in March in southern Lake Michigan (Animation 2 and Figure 5 ). The first storm with northerly winds up to 17 m s 1 on 9 March caused strong along-shore southerly currents that converged near Benton Harbor, Michigan (station BEH in Figure 1 ) and caused massive offshore flow lasting several days. The second northerly storm on 21 March also produced a two-gyre circulation pattern in southern Lake Michigan, but with a cyclonic gyre which was more prominent than the anticyclonic gyre. Finally, southerly winds on 26-27 March created a ' reversed ' two-gyre circulation pattern with onshore flow near Benton Harbor instead of offshore flow. We were not able to reproduce the spectacular spiral eddy observed in the middle of the lake on 12 March (Figure 2 ) which is probably a result of meandering of the strong offshore jet.
Sediment concentration results showed that at least some suspended sediment was present during most days of March 1998 ( Figure 6 and Animation 3). The strongest sediment resuspension mainly occurred in the southern lake and the shallow waters near the coastline. This is caused by the larger waves in southern Lake Michigan due to the dominant northerly wind in this early spring period. The two most significant sediment resuspension events were detected in the model results on 9-12 March and 20-22 March, which coincide with the strongest northerly winds as shown in Figure 4 .
The first storm caused strong sediment resuspension (with concentration values above 10 mg l 1 ) in coastal areas within the 30 m isobath after 8 March (Animation 3). Large waves (over 5 m) were responsible for the local resuspension along the coastline and mid-lake ridge area, and the strong currents determined the plume advection. The most significant activity occurred along the southern and south-eastern shoreline during 10-12 March and 21-23 March. The sediment model was not able to simulate the observed offshore spiral eddy structure on 12 March. The second resuspension event also occurred under northerly wind conditions on 21 March. The sediment concentration results showed a similar pattern but with somewhat smaller magnitudes. Another noticeable phenomenon in the model results is evidence of high offshore suspended sediment concentration near the south-eastern corner of the lake during the 9-12 March storm, and a similar pattern after 21 March. From the circulation model results ( Figure 5 and Animation 2), it is clearly seen that this high offshore sediment concentration coincided with strong offshore flow, which may have moved the material from the coastal area to the deeper waters. Similar offshore sediment transport was also seen in previous plume events, with the offshore flow occurring at slightly different sites along the south-eastern shoreline depending on wind direction. Since the area of high offshore sediment concentration also coincides with an area of strong currents, the high sediment concentration in the model may also be caused by local resuspension rather than advection or diffusion.
As shown in Figure 7 , net erosion during the storm events in March 1998, occurred mainly along the shoreline and deposition occurred offshore. Overall, the deposition pattern during this event is similar to the long term sediment accumulation map shown in Figure  3 . Both show an asymmetric pattern of sediment deposition, with maximum deposition occurring mainly in the eastern side of the lake in water depths of 50-100 m. This asymmetric pattern was basically established after the first wind event and did not change much during the rest of the month, which tends to support the hypothesis that the long term sediment deposition pattern may be largely determined by a few major storm events. The largest net deposition occurred in the southern and south-eastern part of the lake and around the mid-lake ridge area. The net sediment accumulation in the southern lake is consistent with the circulation convergence zone and its extension offshore, where the sediment particles suspended by the high erosion along the western and eastern shores were probably transported by the large offshore currents. The greatest erosion occurred along the western shore and also in the mid-lake ridge area. Given that the bottom sediment dry bulk density is 1450 kg m 3 , the estimated total resuspended sediment mass in March 1998 in Lake Michigan was 7·53 10 9 kg. Though the sediment transport model can depict the resuspension events reasonably well, it was not able to describe the detailed plume structure, particularly the spiral eddy in the central part of southern lake. Because the offshore structure of the sediment plume depends strongly on the circulation patterns, we believe that inaccuracies in the hydrodynamic model results could well be responsible for the missing features. To study this unique process further, more hydrodynamic and sediment transport studies are needed in the future. More experiments are underway to study effects of wind field interpolation, grid resolution, and friction on hydrodynamics and sediment dynamics in Lake Michigan.
F 5. Snapshots of particle trajectory animation at times corresponding to satellite images in Figure 2 . F 1. Geometry and bathymetry of Lake Michigan showing 2 km computational grid, metrological stations, and location of mid-lake station in southern Lake Michigan. F 2. Satellite measurements of surface reflectance in southern Lake Michigan. F 3. Long term sediment accumulation in southern Lake Michigan (Foster & Colman, 1992) . The five ranges of sediment thickness depicted in the map are (from lightest to darkest): 1-2 m, 2-6 m, 6-10 m, 10-14 m, and >14 m. Labelled bathymetric contours are in metres. 
